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FOREWORD 
The work desc r ibed  h e r e i n  was performed by HYDRONAUTICS, 
Incorpora ted ,  Laure l  , Maryland under  NASA Cont rac t  NAS3-11168 
with t h e  t e c h n i c a l  management of D r .  Gary R .  Halford,  NASA 
L e w i s  Research Center ,  Cleveland,  Ohio. 
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ABSTRACT 
tempera ture  ani h igh  s t r a i n  r a t e  on 
f a t i g u e  l i f e  and t e n s i l e  p r o p e r t i e s  were measured f o r  annealed 
316 s t a i n l e s s  s t e e l  and t i t a n i u m  a l l o y  6A1-2Mo-4Zr-2Sn i n  t h e  
s o l u t i o n  h e a t  t r e a t e d  and aged cond i t ion .  A 1 4  KHz magneto- 
s t r i c t i o n  o s c i l l a t o r  was used for f a t i g u e  t e s t i n g .  A s p l i t  
Hopkinson p r e s s u r e  b a r  provided dynamic t e n s i l e  da t a  up to 1300'F. 
The f a t i g u e  d a t a  were bracke ted  by Manson f a t i g u e  l i f e  p r e d i c -  
t i o n s ,  based on s t a t i c  and dynamic t e n s i l e  p r o p e r t i e s ,  a l t hough  
t h e  dynamic p r e d i c t i o n  curves g e n e r a l l y  agreed b e t t e r  w i th  da t a  
from t h e  h i g h e s t  c y c l e  t e s t s .  Creep e f f e c t s  were found to b e  
n e g l i g i b l e .  
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SUMMARY 
This  t e c h n i c a l  r e p o r t  summarizes t h e  r e s u l t s  of an  expe r i -  
mental i n v e s t i g a t i o n  on t h e  e f f e c t s  o f  e l e v a t e d  tempera ture  and 
h igh  s t r a i n  r a t e s  on t h e  f a t i g u e  l i f e  and t e n s i l e  p r o p e r t i e s  of 
two h igh- tempera ture  m a t e r i a l s ,  and an  e v a l u a t i o n  of engineer ing  
methods for p r e d i c t i n g  t h e  f a t i g u e  behavior  of a i r - b r e a t h i n g  
engine m a t e r i a l s .  The two m a t e r i a l s  s t u d i e d  were annealed 316 
s t a i n l e s s  s t e e l ,  and t i t a n i u m  a l l o y  6Al-2Mo-QZr-2Sn i n  t h e  s o l u -  
t i o n  h e a t  t r e a t e d  and aged c o n d i t i o n .  
High frequency f a t i g u e  t e s t i n g  was performed on t h e s e  meta ls ,  
u s i n g  a magne tos t r i c t ion  o s c i l l a t o r  to produce a l t e r n a t i n g  s t r a i n s  
a t  about  1 4  KHz i n  t h e  specimen, T h i s  equipment was adapted for 
o p e r a t i o n  i n  excess  of 2000 F. A s p l i t  Hopkinson p r e s s u r e  b a r  
appa ra tus  was designed and cons t ruc t ed  f o r  o b t a i n i n g  dynamic ten-  
s i l e  p r o p e r t i e s .  Experimental  d a t a  were ob ta ined  a t  s t r a i n  r a t e s  
on t h e  o r d e r  o f  lo3 i n . / i n . / s e c  a t  t empera tures  up t o  1300 F. 
0 
0 
Using t h e  two Manson f a t i g u e  l i f e  p r e d i c t i o n s ,  t h e  f o u r  
p o i n t  c o r r e l a t i o n  method and t h e  method of u n i v e r s a l  s l o p e s ,  com- 
p a r i s o n s  were made between c y c l i c  l i v e s  based on s t a t i c  and dy- 
namic t e n s i l e  p r o p e r t i e s .  The f a t i g u e  d a t a  were found to be 
bracke ted  by t h e  two c a l c u l a t e d  curves,  a l though  t h e  dynamic 
p r e d i c t i o n  curves g e n e r a l l y  showed b e t t e r  agveement wi th  t h e  da t a  
from the  h i g h e s t  c y c l e  t e s t s .  The r o l e  of c reep  on t h e  h igh  f r e -  
quency f a t i g u e  a t  e l e v a t e d  tempera tures  was found to be  n e g l i -  
g i b l e  a s  p r e d i c t e d  by Manson and Hal ford .  
HYDRONAUTICS, Inco rpora t ed  
-2- 
INTRODUCTION 
The eve r  i n c r e a s i n g  l i fe- t ime requi rements  of ae rospace  
engineer ing  systems have c a l l e d  for t h e  accumulation of f a t i g u e  
l i f e  da t a  beyond t h e  p r a c t i c a l  r ange  of  convent iona l  t e s t i n g  
equipment. Turbine b lades  on an a i r - b r e a t h i n g  engine,  f o r  i n -  
s t ance ,  r o t a t i n g  at 10,000 rpm f o r  20,000 hours ,  would be sub- 
j e c t e d  to 1 . 2  X lo1' cyc le s  of a l t e r n a t i n g  l o a d .  
t h i s  many cyc le s  i n  a t e s t i n g  machine o p e r a t i n g  a t  10 cyc le s  p e r  
second would t a k e  about  38 y e a r s .  Pew des ign  engineers  could 
wa i t  t h a t  long  to s e t t l e  t h e i r  m a t e r i a l  requi rements .  
To accumulate 
With supe r son ic  a i r c r a f t  being considered f o r  o p e r a t i n g  l i v e s  
o f  30,000 hours  or more, and atomic power-plants which a r e  expected 
to o p e r a t e  for upwards of  l 5 O , O O O  hours ,  it becomes c l e a r  that new 
techniques  must be developed f o r  q u i c k l y  e v a l u a t i n g  t h e  f a t i g u e  
p r o p e r t i e s  of va r ious  cand ida te  m a t e r i a l s  (Reference 1).  This  
r e p o r t  summarizes t h e  r e s u l t s  of a n  experimental  s t u d y  of t h e  
f a t i g u e  behavior  of two h i g h  tempera ture  a l l o y s .  The f a t i g u e  l i v e s  
o f  these m a t e r i a l s  were obta ined  by u s e  of  a technique  developed 
at HYDRONAUTICS, Inco rpora t ed ,  which provides  h igh  f requency  
c y c l i c  l oad ing  of specimens i n  va r ious  environments and at ele-  
va ted  tempera tures ,  (References 2, 3 ) .  With r e c e n t  mod i f i ca t ions ,  
t e s t i n g  i s  p o s s i b l e  at t empera tures  above 2000 F. F a t i g u e  d a t a  
i n  va r ious  h o s t i l e  and c o r r o s i v e  environments, such a s  l i q u i d  
sodium or s e a  water ,  and at high  p r e s s u r e s  have been ob ta ined  wi th  
t h i s  f a c i l i t y .  At t h e  f requency of 1 4  KHz used f o r  these  expe r i -  
ments, a b i l l i o n  cyc le s  may be accumulated i n  only  20 hours ,  making 
t h i s  technique  an extremely u s e f u l  tool f o r  o b t a i n i n g  p r a c t i c a l  
engineer ing  d a t a .  
0 
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t l  
I n  a d d i t i o n  to o b t a i n i n g  f a t i g u e  l i f e  da t a  a t  
r e .  and a t  e l e v a t e d  tempera tures ,  w i t h  measured c 
7 h 
room tempera- 
r e l i c  l i v e s  
from 10’ to 10’ cyc le s ,  t h i s  s t u d y  has  a l s o  examined t h e  i n f l u e n c e  
of h igh  s t r a i n  r a t e s  on f a t i g u e  l i f e .  Recent ly  engineer ing  meth- 
ods have been developed for p r e d i c t i o n  of f a t i g u e  l i v e s ,  based on 
t h e  t e n s i l e  p r o p e r t i e s  of m a t e r i a l s  a E x c e l l e n t  agreements have 
p r e v i o u s l y  been obta ined ,  for low f requency  da ta  up to a m i l l i o n  
cyc le s ,  w i t h  two f a t i g u e  l i f e  p r e d i c t i o n  methods developed by 
Manson (References 4,5). These p r e d i c t i o n s ,  t h e  fou r -po in t  cor-  
r e l a t i o n  method and t h e  method of u n i v e r s a l  s lopes ,  r e q u i r e  c a l -  
c u l a t i o n s  which u s e  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  t r u e  f r a c t u r e  
s t r e n g t h ,  r e d u c t i o n  o f  a r e a ,  and e l a s t i c  modulus. However, ap- 
p l i c a t i o n  of t h e s e  methods has  been based, u n t i l  now, on s t a t i c  
t e n s i l e  t e s t i n g  r e s u l t s .  I n  t h e  p r e s e n t  r e s e a r c h  program both  
s t a t i c  and h igh  s t r a i n  r a t e  t e n s i l e  p r o p e r t i e s  were determined 
and used to c a l c u l a t e  f a t i g u e  l i f e  p r e d i c t i o n s  from t h e  two 
Manson methods. These p r e d i c t i o n s  were then  compared wi th  t he  
h igh  f requency  (and t h e r e f o r e  h i g h  c y c l i c  s t r a i n  r a t e )  f a t i g u e  
d a t a .  
The dynamic t e n s i l e  p r o p e r t i e s  were ob ta ined  from expe r i -  
ments conducted on a s p l i t  Hopkinson p r e s s u r e  ba r  a p p a r a t u s .  The 
e a r l i e s t  v e r s i o n  o f  t h i s  method of s tudy ing  dynamic events  was 
c r e a t e d  by Hopkinson ( 6 ) .  Davies’  ( 7 )  s t u d y  o f  t h e  technique  
provided a thorough background f o r  t h e  subsequent  developments. 
The f i r s t  a c t u a l  s p l i t  b a r  experiments were conducted by Kolsky 
( 8 ) .  Many r e c e n t  i n v e s t i g a t o r s  have r e f i n e d  t h e  a n a l y t i c a l  and 
experimental  p rocedures .  These i n c l u d e  Lindholm (9, lo), Hauser, 
e t  a l e  (ll), Davies and Hunter (12), and Rand (13) .  
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An i n t e r e s t  i n  de te rmining  t h e  e f f e c t  of superimposing h igh  
tempera ture  environments on a h i g h  r a t e  of l o a d i n g  has  occupied 
many i n v e s t i g a t o r s .  Man j o i n e  and Nadai (14,15) pioneered  such 
r e s e a r c h ,  u s i n g  r a t h e r  long  t e n s i l e  t ype  specimens which were 
s t r u c k  by hammers p r o j e c t i n g  from a l a r g e ,  sp inn ing  f lywhee l .  
S t r e s s  measurements were made o u t s i d e  t h e  hea ted  a r e a ,  a t  a p o s i -  
t i o n  q u i t e  remote from t h e  gage a r e a  of t h e  t e s t  specimens.  
T e s t i n g  of m a t e r i a l s  a t  moderate s t r a i n  r a t e s  ( l e s s  t han  100 see- ' )  
w i th  e l e v a t e d  tempera tures  has  been q u i t e  common. Typ ica l  i s  t h e  
compression s t u d y  by Alder  and P h i l l i p s  (16) .  Moon and Campbell 
(17) have made a compi la t ion  of t h e  t e n s i l e ,  low s t r a i n  t e s t i n g  
l i t e r a t u r e  f o r  m e t a l s .  High t empera tu re  compression t e s t s  a t  
impact r a t e s  o f  deformation have been conducted by B e l l  (18), 
C h i d d i s t e r  and Malvern (lg), Lindholm and Yeakley (20), and r e -  
c e n t l y  by Watson and Ripperger  ( 2 1 ) .  
except  t h e  l a s t  e i t h e r  t h e  s t r e s s ,  t h e  s t r a i n ,  or bo th  were n o t  
measured a t  t h e  e l e v a t e d  tempera ture .  
I n  a l l  of t h e  above s t u d i e s  
I n  t h e  p r e s e n t  s tudy ,  t e n s i l e  specimens of t h e  type  developed 
by Lindholm and Yeakley ( 2 0 )  were used .  To e l i m i n a t e  t h e  approx i -  
mations n e c e s s i t a t e d  by r a i s i n g  o n l y  the  t e s t  specimen to t h e  
e l e v a t e d  tempera ture ,  a f u r n a c e  was made which was l a r g e  enough 
to e n t i r e l y  encase  bo th  p r e s s u r e  b a r s .  Therefore ,  no thermal  
g r a d i e n t s  were encountered by t h e  s t r e s s  waves i n  these b a r s ,  
which s i m p l i f i e d  t h e  i n t e r p r e t a t i o n  of the  d a t a .  These r e s u l t s  
r e p r e s e n t  t h e  first t ime c o r r e l a t i o n s  have been made between 
dynamic t e n s i l e  p r o p e r t i e s  measured a t  v e r y  l a r g e  s t r a i n  r a t e s  
and t h e  h igh  frequency,  h igh  c y c l e  f a t i g u e  l i f e  of e l e v a t e d  
tempera ture  a l l o y s .  S i m i l a r  s t u d i e s  have been made (see for i n -  
s t a n c e  References  33 and 34)  a t  much lower r a t e s  of  l o a d i n g .  
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H I G H  FREQUENCY FATIGUE TESTS 
Fati’gue Apparatus 
Gaines (Reference 2 2 ) ,  who in t roduced  t h e  idea  of u s i n g  
m a g n e t o s t r i c t i o n  o s c i l l a t o r s  f o r  c a v i t a t i o n  damage t e s t i n g ,  a l s o  
suggested t h e  u s e  of  t h e  same equipment f o r  f a t i g u e  t e s t i n g  as 
w e l l .  He, i n  f a c t ,  c a r r i e d  o u t  a few f a t i g u e  t e s t s  i n  h i s  ap- 
p a r a t u s .  However, t h i s  technique  d id  n o t  g a i n  p o p u l a r i t y  u n t i l  
Mason (Reference 23 ) ,  and Neppiras (Reference 24) ,  s u c c e s s f u l l y  
used exponen t i a l  and s t e p p e d - v e l o c i t y  t r ans fo rmers ,  t he reby  making 
t h e  technique  more v e r s a t i l e ,  because h i g h  s t r a i n s  can be pro-  
duced i n  any metal  w i t h  moderate power. A d e t a i l e d  d i s c u s s i o n  of 
t h e  v a r i o u s  a s p e c t s  involved i n  t h i s  method i s  g iven  by Neppiras,  
(References 24, 2 5 ) .  
I n  essence  t h e  appa ra tus  c o n s i s t s  o f  a m a g n e t o s t r i c t i o n  
t r ansduce r ,  an o s c i l l a t i n g  s i g n a l  gene ra to r ,  an  a m p l i f i e r ,  a 
power supply,  a displacement  pick-up c o i l ,  an  o s c i l l o s c o p e ,  and 
a f requency counter .  I n  a d d i t i o n ,  t h e  f a c i l i t y  was modified f o r  
o p e r a t i o n  at e l e v a t e d  tempera tures .  A s  shown i n  F igu re  1, a 
c y l i n d r i c a l  e l e c t r i c a l  c o i l  fu rnace  has  been encorporated,  w i t h  
power supply  and tempera ture  readout ,  to provide  h e a t i n g  of t e s t  
specimens i n  excess  of 2000 F.  S p e c i a l  ex tens ion  rods ,  w i th  
s u i t a b l e  h e a t - s h i e l d i n g  to p r o t e c t  t h e  m a g n e t o s t r i c t i o n  t r a n s -  
ducer ,  were developed f o r  t h e s e  t e s t s .  D e t a i l s  o f  t h e  expe r i -  
mental components, seen s c h e m a t i c a l l y  i n  F igu re  2, may be  found 
i n  References 2 and 3, and i n  Appendix A o f  t h i s  r e p o r t .  
0 
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Exp e r  imenta 1 Techniques 
The b a s i s  f o r  t h i s  h igh  f requency  f a t i g u e  technique  i s  t he  
c r e a t i o n  o f  l o n g i t u d i n a l  o s c i l l a t i o n s  i n  a f a t i g u e  specimen a t  i t s  
r e sonan t  f requency  producing u n i a x i a l ,  a l t e r n a t i n g  s t r a i n s .  The 
maximum a l t e r n a t i n g  s t r a i n s  a r e  produced a t  t h e  node of t h e  r e so -  
nan t  specimen. These s t r a i n s  a r e  f u r t h e r  ampl i f i ed  by means of  
a c a r e f u l l y  designed dumbbell shaped c o n f i g u r a t i o n  a t  the  node. 
The d e t a i l s  of the  des ign  o f  t h e  f a t i g u e  specimen a r e  f u l l y  de- 
s c r i b e d  i n  Appendix A .  The dimensions f o r  each of  t h e  specimens 
t e s t e d  i n  t h i s  program a r e  shown i n  F igu re  3. Note t h e  dec rease  
i n  l e n g t h  f o r  each of t h e  h igh  tempera ture  ve r s ions  o f  t h e s e  
specimens. This  d e c r e a s e  i s  r e q u i r e d  because of the  lowering of 
e l a s t i c  modulus wi th  temperature ,  which i n  t u r n  dec reases  t h e  
wavelength i n  t h e  specimen. 
C a l i b r a t i o n  of  t h e  ou tpu t  from t h e  displacement  measuring 
c o i l  i s  provided by d i r e c t  obse rva t ions  of t h e  maximum ampli tudes 
w i t h  a microscope. An a d d i t i o n a l  v e r i f i c a t i o n  of t h e  s t r a i n  am- 
p l i t u d e  c a l c u l a t i o n s  was obta ined  from s t r a i n  gages mounted on 
t h e  r a d i u s  s e c t i o n  of h igh  tempera ture  t y p e  316 s t a i n l e s s  s t e e l  
specimens. The o r i e n t a t i o n  of  t h e s e  gages i s  shown i n  F igu re  4 .  
These s t r a i n  gages,  BLH Type HT-1212-2A, were i n s t a l l e d  by BLH 
E l e c t r o n i c s ,  I n c . ,  u s i n g  t h e i r  Rokide process ,  and proved to be 
very  s a t i s f a c t o r y  a t  1300 F. S t a t i c  c a l i b r a t i o n s ,  u s i n g  a 
s e r i e s  of  dead load ings ,  and dynamic c a l i b r a t i o n s  a t  14 .2  KHz 
0 
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were obta ined  over  a s t r e s s  r ange  of from 1600 to 3200 p s i .  Fig-  
u r e  5. shows a comparison of t h e  dynamical ly  measured and t h e  c a l -  
cu la t ed  s t r e s s e s  i n  t h e s e  specimens.  
DYNAMIC TENSILE TESTS 
S D l i t  HoDkinson P res su re  Bar A m a r a t u s  
This  appa ra tus  c o n s i s t s  o f  a compressed gas  gun which ac -  
c e l e r a t e s  an impact p r o j e c t i l e ,  two e l a s t i c  p r e s s u r e  b a r s  to 
r e c e i v e  and t r a n s m i t  s t r e s s  waves to and from t h e  t e s t  specimen, 
and e l e c t r o n i c  equipment f o r  measuring t h e  v e l o c i t y  o f  t h e  pro-  
j e c t i l e  and t h e  s t r e s s  wave components i n  t h e  p r e s s u r e  b a r s .  A 
l a r g e  furnace ,  e n t i r e l y  encas ing  t h e  specimen and both p r e s s u r e  
ba r s ,  i s  used to prov ide  e l e v a t e d  tempera tures  t o  1500 F.  0 
The compressed gas  gun i s  shown i n  F i g u r e  6.  Nitrogen was 
t h e  gas  used to prope l  t h e  c y l i n d r i c a l  p r o j e c t i l e s ,  which were 
machined f o r  a c l o s e  s l i d i n g  f i t  i n s i d e  t h e  b a r r e l .  A schematic  
o f  t h e  complete t e s t  f a c i l i t y  i s  g iven  i n  F igu re  7. A photo- 
e l e c t r i c  dev ice  i s  used to measure t h e  p r o j e c t i l e  v e l o c i t y .  Two 
h igh  r i s e t i m e  o s c i l l o s c o p e s  w i t h  Po la ro id  cameras a r e  used to 
d i s p l a y  and r eco rd  t h e  ou tpu t  from s t r a i n  gages on t h e  p r e s s u r e  
b a r s .  D e t a i l e d  d e s c r i p t i o n s  of t h e  components of t h e  s p l i t  
Hopkinson p r e s s u r e  b a r  appa ra tus  a r e  g iven  i n  Appendix B. 
Exp e r  imen t a  1 Techniques 
T h i s  technique  i s  based on t h e  measurement of e l a s t i c  s t r a i n  
waves which a r e  t r a n s m i t t e d  through a system c o n s i s t i n g  o f  two 
long p r e s s u r e  b a r s  w i t h  t h e  t e s t  specimens sandwiched between them. 
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A schematic  of t h i s  c o n f i g u r a t i o n  i s  shown i n  F igu re  8. A 
p r o j e c t i l e  impacts the  f i r s t  e l a s t i c  bar ,  known a s  t he  i n p u t  bar ,  
c r e a t i n g  t h e  i n c i d e n t  s t r a i n  pu l se ,  eI. Upon r each ing  t h e  s p e c i -  
men, t h i s  i n c i d e n t  p u l s e  i s  p a r t i a l l y  r e f l e c t e d ,  a s  shown by E 
i n  F igu re  8 .  The second p r e s s u r e  ba r ,  t h e  ou tpu t  bar ,  r e c e i v e s  a 
Each s t r a i n  wave component i s  mea- t r a n s m i t t e d  s t r a i n  p u l s e ,  E 
sured  by s t r a i n  gages p laced  f o r e  and a f t  of t h e  specimen. From 
t h e  two s t r a i n - t i m e  h i s t o r i e s  recorded  by these  gages,  t h e  s t r a i n ,  
s t r e s s ,  and s t r a i n  r a t e  i n  t h e  t e s t  specimen may be  c a l c u l a t e d .  
R 
T '  
Assuming n e g l i g i b l e  r a d i a l  i n e r t i a  f o r c e s  i n  t h e  specimen, 
and w i t h  a smal l  c o e f f i c i e n t  of f r i c t i o n  between t h e  f a c e s  of t h e  
specimen and load  ba r s ,  i t  can be shown ( s e e  Reference 9, 10 or 11) 
t h a t  t h e  fo l lowing  r e l a t i o n s h i p s  may be used:  
0 
Dl 
c21 
[31 
where 
cr - average  s t ress  i n  specimen 
E - average  s t r a i n  i n  specimen 
i - average  s t r a i n  r a t e  i n  specimen 
S 
S 
S 
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L o r i g i n a l  l e n g t h  of specimen 
A - o r i g i n a l  a r e a  of  c ros s  s e c t i o n  of specimen 
S 
A - a r e a  o f  c ros s  s e c t i o n  of p r e s s u r e  b a r s  
E - e l a s t i c  modulus of p r e s s u r e  ba r s  
c - e l a s t i c w a v e  v e l o c i t y  i n  p r e s s u r e  b a r s ,  and 
t - t i m e .  
I n  t h e s e  equat ions  a l l  s i g n s  r e l a t i n g  to t ens ion ,  compression, 
and wave d i r e c t i o n s  have been accounted f o r ,  s o  t h a t  a b s o l u t e  
va lues  o f  each s t r a i n  wave component must be used.  The above equa- 
t i o n s  may be s u i t a b l y  modified to account  f o r  t h e  u s e  of d i f f e r e n t  
m a t e r i a l s  and d i f f e r e n t  a r e a s  of  c ros s  s e c t i o n  for t h e  two p r e s -  
s u r e  b a r s .  These mod i f i ca t ions  were r e q u i r e d  f o r  t h e  h igh  tempera- 
t u r e  ve r s ions  of t h e s e  t e s t s ,  wherein a l a r g e r  bending r e s i s t a n c e  
was needed i n  t h e  i n p u t  b a r .  D e t a i l s  of t h e s e  mod i f i ca t ions  a r e  
g iven  i n  Appendix C .  
The i n p u t  ba r  f o r  t h e s e  t e n s i l e  t e s t s  was a c t u a l l y  a hollow, 
th ick-wal led  tube .  The i n s i d e  d iameter  was machined to a c c e p t  
t h e  i n s e r t i o n  o f  t h e  t e n s i l e  impact specimen. T h i s  unique s p e c i -  
men, o r i g i n a t e d  by Lindholm (20)  i s  shown i n  F igu re  9, a long  w i t h  
t h e  dimensions and t o l e r a n c e s  used .  The f o u r  " l e g s "  o f  t h i s  
specimen a l low f o u r  s imultaneous t e n s i l e  t e s t s  to be  conducted 
wi th  each impact .  The ou tpu t  ba r  i s  a s o l i d  c y l i n d e r  w i t h  diam- 
e t e r  machined to j u s t  f i t  i n t o  t h e  i n n e r  diameter  of t h e  t e n s i l e  
specimen. 
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Axial  a l ignment  of t h e  p r o j e c t i l e  and t h e  i n p u t  b a r  was 
made with t h e  p r o j e c t i l e  p a r t i a l l y  w i t h i n  t h e  gun b a r r e l .  The 
ou tpu t  ba r  was then  a l i g n e d  to t h e  i n p u t  bar ,  u s i n g  a removable 
i n s e r t  i n  t h e  i n p u t  b a r .  The specimen was then  i n s e r t e d  between 
t h e  two p r e s s u r e  b a r s .  During t h e  impact t h e  p r e s s u r e  bars were 
f r e e  to s l i d e  a x i a l l y  a long  t h e i r  s u p p o r t s .  A "throw bar" ,  
i d e n t i c a l  to t h e  p r o j e c t i l e  was p o s i t i o n e d  d i r e c t l y  behind t h e  
ou tpu t  bar ,  and captured  most  of t h e  momentum imparted to t h e  
p r e s s u r e  b a r s .  I n  t h i s  manner, motion of t h e  p r e s s u r e  b a r s  was 
minimized, whi le  t h e  throw ba r  was caught i n  a bed o f  foamed 
p l a s t i c .  
The t h r e e  f u n c t i o n s  E I ( t ) ,  E (t), and E T ( t )  appear ing  i n  R 
Equations [l], [2] and [ 3 ]  must be determined s o  t h a t  the  s t r e s s  
and s t r a i n  i n  t h e  specimen may be de r ived .  To determine t h e s e  
f u n c t i o n s  a d i g i t a l  approach was employed,making u s e  of a computer 
to reduce t h e  da t a  and p l o t  t h e  r e s u l t s .  
MATERIALS TESTED 
Two h i g h  tempera ture  a l l o y s  were t e s t e d  du r ing  t h i s  program, 
under f a t i g u e  and t e n s i l e  impact c o n d i t i o n s :  annealed 316 s t a i n -  
l e s s  s t e e l  and t i t a n i u m  a l l o y  6AI-2Mo-4Zr-2Sn. Both m a t e r i a l s  
were ob ta ined  a s  3/4-in. diameter  ba r  s tock ,  and a l l  t e s t  s p e c i -  
mens were machined from t h e  s t o c k  a s  r ece ived" ,  w i th  no f u r t h e r  
h e a t  t r e a t m e n t s .  
I I  
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The 316 s t a i n l e s s  s t e e l  was supp l i ed  by NASA-Lewis. Nominal 
s t a t i c  mechanical p r o p e r t i e s  f o r  t h i s  m a t e r i a l ,  a t  room tempera- 
t u r e  and a t  1300°F were obta ined  from Reference 26 and a r e  l i s t e d  
i n  Table  1. 
The Ti-6-2-4-2 a l l o y  was obta ined  from Titanium Metals Corpora- 
t i o n  of America, i n  t h e  s o l u t i o n - t r e a t e d  and aged cond i t ion .  T h i s  
cond i t ion  s p e c i f i e s  f o r  t h e  metal  to be hea ted  to 1750°F for one 
hour and air cooled to room temperature ,  fol lowed by llOO°F for 
e i g h t  hours  and a i r  cooled to room tempera ture .  The room tempera- 
t u r e  and gOO°F s t a t i c  mechanical p r o p e r t i e s  were supp l i ed  by t h e  
manufacturer and a r e  g iven  i n  Table  2.  
The dynamic e l a s t i c  modulus of both t h e  t e s t  m a t e r i a l s  were 
exper imenta l ly  determined a t  room tempera ture  and a t  e l e v a t e d  
tempera ture  us ing  t h e  f a t i g u e  appa ra tus  a s  explained i n  Appendix A 
( s e e  equat ions  A2 and A 3 ) .  The r e s u l t s  a r e  shown i n  Table3 1 and 2. 
RESULTS AND ANALYSIS 
High Frequency F a t i g u e  Data 
The r e s u l t s  of t h e  h igh  frequency, h i g h  cyc le  f a t i g u e  t e s t s  
on 316 s t a i n l e s s  s t e e l  and Ti-6-2-4-2 a l l o y  a r e  summarized i n  
Table  3 and i n  F igu res  10  through 13. Each experimental  p o i n t  
on t h e s e  f i g u r e s  r e p r e s e n t s  a s e p a r a t e  f a t i g u e  t e s t .  The t ime to 
f a i l u r e  f o r  each t e s t  specimen was determined when a c rack  forms 
i n  t h e  specimen which i s  c h a r a c t e r i z e d  by t h e  inc reased  power 
l e v e l  r e q u i r e d  to mainta in  a cons t an t  displacement  ampl i tude .  
This ampl i tude  i s  c o n s t a n t l y  monitored on a n  o s c i l l o s c o p e ,  and 
for s h o r t  d u r a t i o n  t e s t s  t h e  t ime i s  measured by s t o p  watch whi le  
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t h e  o p e r a t o r  v i s u a l l y  fo l lows  the  s i g n a l .  For l onge r  times an 
au tomat i c  c u t - o f f  was used,  which t u r n s  off t he  power when t h e  
c rack  has  grown l a r g e  enough so  t h a t  t h e  power supp ly  can no 
longe r  d r i v e  t h e  f a t i g u e  specimen because o f  i n c r e a s e d  damping 
due to t h e  c rack .  T h i s  a l s o  s topped an e l e c t r i c  t i m e r .  T e s t i n g  
was s topped on specimens which a t t a i n e d  l o 9  c y c l e s ,  and t h i s  time 
i s  des igna ted  a s  ' ' run o u t "  t ime.  
The number of c y c l e s  to f a i l u r e  i s  computed by m u l t i p l y i n g  
t h e  t ime to f a i l u r e  and t h e  f requency .  This  d e t e r m i n a t i o n  d i f f e r s  
from t h e  convent iona l  f a t i g u e  t e s t i n g  where t h e  specimen breaks  
i n t o  two p i e c e s ,  I n  t h e s e  h igh  f requency  f a t i g u e  t e s t s  t h e  c rack  
has  grown to n e a r l y  h a l f  of t h e  c r o s s  s e c t i o n  when t h e  i n c r e a s e  
i n  power i s  observed.  The t e s t  specimens a r e  then  e a s i l y  broken 
i n t o  two p i e c e s  by hand i f  c r ack  o b s e r v a t i o n  i s  d e s i r e d .  
e 
Dynamic T e n s i l e  P r o p e r t i e s  
The r e s u l t s  of t h e  t e n s i l e  impact t e s t s  conducted a t  room 
tempera ture ,  a t  1300°F on t h e  316 s t a i n l e s s  s t e e l ,  and a t  gOO°F 
wi th  t h e  Ti-6-2-4-2 t i t a n i u m  a l l o y  a r e  summarized i n  Tables  1 and 
2 .  Note t h e  i n c r e a s e s  of t h e  u l t i m a t e  s t r e n g t h ,  when comparing 
t h e  dynamic to t h e  s t a t i c  v a l u e s .  I n  c o n t r a s t ,  a d e c r e a s e  of 
bo th  the  dynamic r e d u c t i o n  of a r e a  and e l o n g a t i o n  i s  seen  i n  
n e a r l y  eve ry  c a s e .  The s o l e  excep t ion  i s  t h e  dynamic RA f o r  316 
s t a i n l e s s  s t e e l ,  which i s  1.19 times l a r g e r  t h a n  t h e  cor responding  
s t a t i c  v a l u e  a t  1300°F. 
t h e s e  s t a t i c  and dynamic p r o p e r t i e s  i s  t h e  s i m i l a r i t y  i n  t h e  
r a t i o s  of d e c r e a s e  o f  bo th  RA and e longa t ion ,  wi th  t h e  excep t ion  
of  t h e  1300°F va lues  f o r  316 s t a i n l e s s  s t e e l .  
t u r e ,  i d e n t i c a l  r a t i o s  of 0 .68  a r e  seen  f o r  t h e  s t a i n l e s s  s t e e l ,  
Another o b s e r v a t i o n  made i n  comparing 
A t  room tempera- 
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whi le  t h e  t i t a n i u m  a l l o y  r a t i o s  for t h e s e  two p r o p e r t i e s  d i f f e r  
by less t han  5 pe rcen t  a t  bo th  t empera tu res .  D e t a i l s  of t h e  
de te rmina t ions  of r e d u c t i o n  of a r e a  and e longa t ion  a r e  g iven  i n  
Appendix C .  
The s i m i l a r i t i e s  i n  t h e  r a t i o s  of i n c r e a s e  of u l t i m a t e  
s t r e s s  f o r  t h e  t i t a n i u m  shown i n  Table  2, a t  room tempera ture  and 
a t  900°F, a s  wel l  a s  t h e  r e l a t i v e l y  s m a l l  v a r i a t i o n  i n  r a t i o s  of 
dec reases  of RA and e longa t ion  i n d i c a t e  t h e  constancy of r a t e  i n -  
f l u e n c e  upon t h i s  m a t e r i a l  over  t h e  observed tempera ture  r ange .  
The dynamic behavior  of 316 s t a i n l e s s  s t e e l ,  however, shows 
a d e f i n i t e  tempera ture  i n f l u e n c e .  Comparing t h e  r a t i o  columns 
i n  Table  1 a t  room temperature ,  and a t  1300 F, one c l e a r l y  sees 
t h e  l a r g e r  s t r a i n  r a t e  e f f e c t  on each p r o p e r t y  a t  t h e  e l e v a t e d  
tempera ture .  Some t y p i c a l  f r a c t u r e d  specimens a r e  shown i n  
F igu re  1 4 .  
0 
Comparisons of F a t i g u e  L i f e  P r e d i c t i o n  Methods 
Comparisons of t h e  measured f a t i g u e  l i v e s  w i t h  t h e  two Manson 
f a t i g u e  l i f e  p r e d i c t i o n s  a r e  shown i n  F igu res  15, 16, 17 and 18, 
for annealed 316 s t a i n l e s s  s t e e l  and Ti-6-2-4-2 a l l o y .  S t a t i c  
and dynamic parameters  used to c a l c u l a t e  t h e  va r ious  p r e d i c t i o n  
curves a r e  l i s t e d  i n  Tables  1 and 2.  The procedures  fol lowed 
for t h e s e  p r e d i c t i o n s  by t h e  f o u r - p o i n t  c o r r e l a t i o n  method and 
t h e  method of u n i v e r s a l  s l o p e s  ape  f u l l y  desc r ibed  i n  References 
4 and 5.  B r i e f  o u t l i n e s  of t h e s e  p r e d i c t i o n  methods w i l l  be  
g iven  h e r  e. 
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Four-Point C o r r e l a t i o n  Method 
Th i s  method r e q u i r e s  t he  c o n s t r u c t i o n  of two s t r a i g h t  
l i n e s ,  each drawn through two p o i n t s .  These p o i n t s  a r e  p l o t t e d  
i n  a l o g a r i t h m i c  coord ina te  system wi th  t h e  x -ax i s  a s  l o g  (number 
of  cyc le s  to f a i l u r e )  and t h e  y-ax is  a s  l o g  ( t o t a l  s t r a i n  r a n g e ) .  
L e t t i n g  P1 and P2 be  t h e  two p o i n t s  r e q u i r e d  to l o c a t e  t h e  e l a s t i c  
l i n e ,  and P3 and P4 the  p o i n t s  for t he  p l a s t i c  s t r a i g h t  l i n e ,  the  
( a b s c i s s a ,  o r d i n a t e )  coord ina te s  a r e  a s  fo l lows  
where oU i s  t h e  measured u l t i m a t e  s t r e s s ,  E i s  the  e l a s t i c  
modulus; and t h e  t r u e  f r a c t u r e  s t r e s s ,  0 f ’  and t h e  l o g a r i t h m i c  
d u c t i l i t y ,  D, a r e  c a l c u l a t e d  from 
of = B (1 + D) U 
1 
(1 - R A )  
* 
The v a l u e  of , r e q u i r e d  to l o c a t e  p o i n t  Pq i s  ob ta ined  
* 
from t h e  e l a s t i c  l i n e .  T h i s  l i n e  must be drawn f i r s t ,  and 
t h e n  l o c a t e d  a s  t h e  o r d i n a t e  a t  t h e  p o i n t  where t h e  l i n e  c r o s s e s  
104 cyc le s .  
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Method of Un ive r sa l  S lopes  
This  p r e d i c t i o n  method a l s o  r e q u i r e s  t h e  c o n s t r u c t i o n  
o f  two l i n e s ,  an e l a s t i c  and a p l a s t i c  l i n e ,  on t h e  same co- 
o r d i n a t e  system a s  above, b u t  u t i l i z e s  a p o i n t - s l o p e  procedure.  
The coord ina te s  of t h e  p o i n t s  P and P through which t h e  
e l a s t i c  and p l a s t i c  l i n e s ,  r e s p e c t i v e l y ,  a r e  cons t ruc t ed  a r e :  
e P’ 
e P 3.5 
and t h e  s l o p e s  f o r  t h e  e l a s t i c  and p l a s t i c  l i n e s  a r e  -0 .12 and 
-0.6 r e s p e c t i v e l y .  
I n  each of t h e  f i g u r e s  showing comparisons of  t h e  measured 
da ta  w i t h  t h e  s t a t i c  and dynamic v e r s i o n s  of one of  t he  p r e d i c -  
t i o n  methods, t h e  d a t a  a r e  seen to be bracke ted  i n  g e n e r a l  by 
t h e  s t a t i c  p r e d i c t i o n  on t h e  low s ide  and t h e  dynamic on t h e  
h igh  s i d e .  Also ,  i n  every case,  t h e  d a t a  have a s l o p e  which i s  
much sha l lower  than  t h e  p r e d i c t i o n  curves .  However, t he  dynamic- 
based p r e d i c t i o n s  g i v e  t h e  b e s t  agreement wi th  t he  h i g h e s t  c y c l e  
f a t i g u e  t e s t s ,  i n  t h e  r e g i o n  o f  10 - 19 c y c l e s .  8 9 
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A s  p r e d i c t e d  by t h e  f a t i g u e  l i f e  c o r r e c t i o n  formula developed 
by Manson and Halford (Reference 28) t h e  r o l e  of creep was c l e a r l y  
seen  to be  n e g l i g i b l e  i n  t h e s e  h igh  f requency  f a t i g u e  experiments .  
T h i s  formula f o r  N f l ,  t he  co r rec t ed  f a t i g u e  l i f e  p r e d i c t i o n ,  i s  
Nf N f l  = m+O. 1 2  [41 
where 
k = e f f e c t i v e  f r a c t i o n  of each c y c l e  f o r  which t h e  
m a t e r i a l  may be considered to be sub jec t ed  to t h e  
maximum s t r e s s ,  
F = f requency o f  s t r e s s  a p p l i c a t i o n ,  cyc les  p e r  minute, 
A = c o e f f i c i e n t  c h a r a c t e r i s i n g  a t ime  i n t e r c e p t  of t h e  
c reep - rup tu re  curve of t h e  m a t e r i a l  at t e s t  tempera- 
t u r e .  The curve of s t r e s s ,  
t ime, tr, i s  l i n e a r i z e d  on loga r i thmic  coord ina te s ,  
m 
and r e p r e s e n t e d  by the  equa t ion  0 = l .75au( t r /A)  , 
s o  that A i s  t h e  time i n t e r c e p t  at an  e x t r a p o l a t e d  
a g a i n s t  r u p t u r e  ‘r , 
r 
va lue  of 0 = 1.75 oU, r 
m = s l o p e  of c reep - rup tu re  l i n e  ( n e g a t i v e  v a l u e ) ,  and 
Nf = l i f e  c a l c u l a t e d  from e i t h e r  of t h e  two Manson 
methods d i scussed  above. 
The l a r g e  va lues  of F and N i n  the p r e s e n t  experiments made f 
i n d i s t i n g u i s h a b l e  from N f .  Nf 
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AND GENERAL REMARKS 
i e s ,  t h e  fo l lowing  conclus  .ons may 
1. The s p l i t  Hopkinson p r e s s u r e  b a r  t echn ique  can be 
adapted  to g e n e r a t e  h i g h  s t r a i n  r a t e  t e n s i l e  d a t a  on eng inee r ing  
m a t e r i a l s  a t  e l e v a t e d  t empera tu res .  
2. The f a t i g u e  d a t a  were found to be  bracke ted  i n  
g e n e r a l  by  t h e  s t a t i c  and dynamic p r e d i c t i o n s  ( u s i n g  bo th  of t h e  
Manson f a t i g u e  l i f e  p r e d i c t i o n  methods, namely t h e  f o u r  p o i n t  
c o r r e l a t i o n  method and t h e  method of u n i v e r s a l  s l o p e s )  (4,5). The 
dynamic p r e d i c t i o n  curves g e n e r a l l y  showed b e t t e r  agreement wi th  
t h e  d a t a  from t h e  h i g h e s t  c y c l e  t e s t s .  
3.  The r o l e  of creep  on t h e  h i g h  f requency  f a t i g u e  
a t  e l e v a t e d  tempera tures  was found to be n e g l i g i b l e  a s  p r e d i c t e d  
by t h e  Manson-Halford formula ( 2 8 ) .  
The fo l lowing  g e n e r a l  remarks a r e  p e r t i n e n t  to t h e s e  s t u d i e s .  
The h igh  c y c l e  f a t i g u e  l i f e  curves for both  annea led  316 s t a i n -  
l e s s  s t e e l  and Ti-6-2-4-2 showed smal l  b u t  d e f i n a b l e  s l o p e s  over  
t h e  r ange  from 10 to 10 c y c l e s .  Such sma l l  s l o p e s  a r e  to be 
expected a t  these l i f e  c y c l e  r a n g e s .  
ence 5, page 156, F i g u r e  4.20; Reference  29, page 42, Fig-  
u r e  3 .055  and 3.056; References  30 and 31 ) .  
6 9 
(See f o r  example Refer -  
The measurement of s t r a i n  ampl i tude  and the  t ime to f a i l u r e  
6 i n  t h e  c y c l e  r ange  of  l e s s  o f  10 i s  n o t  v e r y  a c c u r a t e  mainly 
because i t  t a k e s  l ess  than  10 seconds to accumulate  l o5  Cycles 
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6 and l e s s  t h a n  100 seconds to accumulate  10 cyc le s  At such s h o r t  
i n t e r v a l s  of t ime i t  i s  ve ry  d i f f i c u l t  for t h e  experimenter  to 
observe  t h e  s t r a i n  ampl i tude  and t h e  t ime to f a i l u r e  a c c u r a t e l y .  
It i s  impor tan t  to have t h i s  l i m i t a t i o n  i n  mind when we cons ider  
t he  c o r r e l a t i o n  between t h e  p r e d i c t i o n  methods and t h e  exper imenta l  
d a t a .  A t  t h e  h igh  c y c l e  r ange  where t h i s  experimental  t echnique  
i s  accu ra t e ,  t h e  c o r r e l a t i o n  i s  cons idered  to be good. With t h e  
except ion  of  t h e  room tempera ture  316 s t a i n l e s s  s t e e l  d a t a  p o i n t s ,  
which l i e  above both pr,edieViom curves a t  t h e  h i g h e s t  l i fe- t imes,  
t h e  s t a t i c  and dynamic p r e d i c t i o n s  de r ived  by e i t h e r  method pro-  
v i d e  lower and upper bounds to t h e  a c t u a l  h igh  cyc le  behavior .  
The i n f l u e n c e  on t h e  p r e d i c t i o n  curves of dynamic e f f e c t s  i s  
c l e a r l y  seen  by comparing f a t i g u e  l i v e s  c a l c u l a t e d  from s t a t i c  
and from dynamic t e n s i l e  p r o p e r t i e s .  The b r a c k e t i n g  of t h e  d a t a -  
by t h e s e  curves i s  seen  to be c o n s i s t e n t  w i th  s t r a i n  r a t e  e f f e c t s ,  
when one observes  t h a t  t h e  s t a t i c  t e n s i l e  p r o p e r t i e s  a r e  measured 
a t  r a t e s  l e s s  than  lO- ' in . / in . /sec. ;  t h e  dynamic on t h e  o rde r  of 
103in , / in . / sec ;  whi le  t h e  h igh  f requency  f a t i g u e  measurements on 
102 in . / i n . / s ec .  These r e s u l t s  emphasize t h e  n e c e s s i t y  o f  under- 
s t and ing  t h e  r o l e  of r a t e  e f f e c t s  on t h e  f a t i g u e  l i f e  of m a t e r i a l s ,  
p a r t i c u l a r l y  a t  e l e v a t e d  t empera tu res .  The exposure i n  a c t u a l  
s e r v i c e ,  such a s  i n  t u r b i n e  or combustion engines ,  of meta ls  to 
t h e  combined r i g o r s  of high  tempera tures ,  h igh s t r a i n  r a t e ,  and 
extremely long  term c y c l i c a l  l oad ing  p r e s e n t  c r u c i a l  des ign  
q u e s t i o n s  which can o n l y  be answered by t h e  e s t ab l i shmen t  of h igh  
frequency f a t i g u e  t e s t i n g  t echn iques  and p r e d i c t i o n  methods. 
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A cont inued c a r e f u l  development of t h e  techniques  a p p l i e d  
i n  t h e  i n v e s t i g a t i o n  r e p o r t e d  h e r e  hold  promise of prov id ing  t h e  
r e q u i r e d  unders tanding  of h igh  cyc le ,  h igh  tempera ture  f a t i g u e  
behavior ,  and pave t h e  way for t echniques  of  measurement and 
p r e d i c t i o n  which w i l l  provide,  economically and qu ick ly ,  p r a c t i c a l  
f a t i g u e  l i f e  des ign  d a t a  up to b i l l i o n s  of c y c l e s .  The magneto- 
s t r i c t i o n  technique  permi ts  f a t i g u e  t e s t i n g  under any combination 
of h o s t i l e  environments, and t h e  s u p e r p o s i t i o n  of  s t e a d y  or vary ing  
loads  and thermal  f l u c t u a t i o n s .  The p a r a l l e l  s t u d y  of dynamic t e n -  
s i l e  p r o p e r t i e s  i s  r e q u i r e d  to complete t h e  unders tanding  of s t r a i n  
r a t e  e f f e c t s ,  which i s  needed to develop h igh  frequency, h igh  c y c l e  
f a t i g u e  l i f e  p r e d i c t i o n  methods. 
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APPENDIX A 
H I G H  FREQUENCY FATIGUE APPARATUS AND TECHNIQUES 
Components 
T h e  v a r i o u s  components of t h i s  appa ra tus  a r e  shown i n  F igu re  
2 .  The h igh  frequency s i g n a l  from t h e  audio  o s c i l l a t o r  i s  am- 
p l i f i e d  and s e n t  to t h e  m a g n e t o s t r i c t i o n  n i c k e l  t r ansduce r  s t a c k  
An exponent ia l  v e l o c i t y  t r ans fo rmer  i s  a t t a c h e d  t o  t h e  magneto- 
s t r i c t i o n  t r a n s d u c e r .  The r e s o n a n t  f requency of t h e  system can 
be changed by vary ing  t h e  l e n g t h  of t h a t  p o r t i o n  o f  t h e  v e l o c i t y  
t ransformer  from t h e  nodal  suppor t  t o  t h e  f r e e  end by means of 
ex tens ion  r o d s .  The ampli tude i s  monitored by a s u i t a b l e  v o l t a g e  
pickup c o i l  l o c a t e d  approximately midway between t h e  node and t h e  
an t inode .  
of t h e  c o i l  to i n c r e a s e  t h e  induced v o l t a g e .  This  induced v o l t a g e  
i s  p r o p o r t i o n a l  t o  t h e  displacement  ampl i tude  and the  in s t rumen t  
i s  c a l i b r a t e d  by measuring t h e  displacement  at t h e  an t inode  wi th  
a f i l a r  microscope. The accuracy  of t h e s e  measurements i s  d i s -  
cussed l a t e r .  
A permanent magnet i s  'used i n  t h e  immediate v i c i n i t y  
A detai ' led s t u d y  of t h e  t r a n s d u c e r  system showed t h a t  t h e  
bes t  q u a l i t y  f a c t o r  was ob ta ined  at 1 4 . 2  KHz and hence t h i s  f r e -  
quency was s e l e c t e d  f o r  f a t i g u e  t es t s .  The q u a l i t y  f a c t o r  i s  de- 
f i n e d  a s  t h e  r a t i o  of u s a b l e  energy s t o r e d  i n  t h e  system to t h e  
total i n p u t  energy and i s  g iven  by (3 '2) ,  
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& E - -  .$3 f n  
T A f  
where f i s  t h e  r e sonan t  f requency  and Af i s  t h e  width of t h e  
r e s o n a n t  curve a t  h a l f  o f  t h e  maximum ampl i tude .  
n 
Design of  Tes t  Specimen 
The b a s i c  p r i n c i p l e  of t h e  des ign  of t h e  h igh  f requency  
f a t i g u e  specimens i s  a s  fo l lows :  When a l o n g i t u d i n a l  v i b r a t i o n o f  
a h a l f  wavelength of a m e t a l l i c  rod i s  produced by means of a n  
o s c i l l a t o r ,  t h e  maximum s t r a i n  i s  produced a t  t h e  node wh i l e  t h e  
maximum v e l o c i t y  and displacement  a r e  produced a t  t h e  an t inodes  
a t  e i t h e r  end of t h e  r o d .  I f  a no tch  i s  produced a t  t h e  node, 
t hen  t h e  s t r a i n  i s  f u r t h e r  a m p l i f i e d  a t  t h e  node. It i s  necessa ry  
to ampl i fy  t h e  s t r a i n s  by means of a no tch  because of t h e  power 
l i m i t a t i o n s  of t h e  d r i v i n g  o s c i l l a t o r .  
To set up t h e  t e s t ,  one must a t t a c h  a h a l f  wavelength o f  
rod of  specimen m a t e r i a l  t o  t h e  f r e e  end of  t h e  exponen t i a l  horn 
and v i b r a t e  i t  a t  t h e  b e s t  f requency  s e l e c t e d  from c o n s i d e r a t i o n s  
of t h e  q u a l i t y  f a c t o r .  The h a l f  wavelength can be expe r imen ta l ly  
determined by a d j u s t i n g  t h e  r o d  l e n g t h  to r e s o n a t e  a t  t h e  b e s t  
f requency.  An a c c u r a t e  de t e rmina t ion  o f  t h i s  l e n g t h  and f r e -  
quency w i l l  g i v e  t h e  va lue  of v e l o c i t y  o f  sound for each of t h e  
meta ls  t e s t e d  by t h e  r e l a t i o n s h i p  
c = hf  n 
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where 
A i s  the wavelength,  
f i s  t h e  r e s o n a n t  f requency,  and n 
c i s  t h e  v e l o c i t y  o f  sound. 
The modulus of e l a s t i c i t y  a l s o  can be c a l c u l a t e d  a f t e r  de te r -  
mining t h e  d e n s i t y  of t h e  me ta l s  by the  conven t iona l  water  d i s -  
placement method, by 
E = pc2 
where 
E i s  t h e  modulus of  e l a s t i c i t y  
p i s  t h e  d e n s i t y  o f  t h e  me ta l .  
The b a s i c  approach f o r  t h e  des ign  of t he  f a t i g u e  specimen i s  
to u s e  the  kheory developed by Neppiras  ( 2 4 ) .  From t h i s  t h e o r y  
one can g e t  t h e  l e n g t h s  of t h e  f a t i g u e  specimen a s  shown by the  
example i n  F i g u r e  19. 
of k?,/h may be determined from Neppi ras '  t h e o r y .  I n  o r d e r  to 
avoid  t h e  s h a r p  c o r n e r s ,  a c i r c u l a r  a r c  f i l l e t  of  r a d i u s  R i s  
used .  The v a l u e  o f  R can be c a l c u l a t e d  from s imple  geomet r i ca l  
c o n s i d e r a t i o n s .  This  method of d e s i g n i n g  dumb-bell shaped 
f a t i g u e  specimens gave t h e  dimensions w i t h i n  10 to 15 p e r c e n t  
accu racy .  Then t h e  f i n a l  ad jus tmen t s  a r e  made by tun ing  e x p e r i -  
men ta l ly .  The dimensions of  t h e  p r o p e r l y  tuned f a t i g u e  specimens 
a r e  shown i n  F igu re  3. 
Assuming a n  a r e a  r a t i o  and Rl /h ,  t h e  v a l u e  
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I n  a l l  t h e  f a t i g u e  s t u d i e s ,  t h e o r e t i c a l  s t r a i n ,  g iven  by 
t h e  .following formula (due to Neppiras 24), was assumed to be 
t h e  a c t u a l  va lue :  
where 
E -  
E -  
A -  
G -  
c -
G. 2~[ 
h 
E =  
t h e  s t r a i n  ampl i tude  a t  the  node, 
t h e  displacement  ampl i tude  a t  t h e  an t inode ,  
t h e  wavelength i n  t h e  m a t e r i a l ,  and 
Magni f i c a t  i o n  Fa c t or 
S t r a i n  i n  s tepped  specimen 
S t r a i n  i n  uniform specimen (wi thout  s t e p ) .  
The v a l u e  o f  G can be c a l c u l a t e d  from Neppi ras '  t heo ry .  Genera l ly  
one would measure t h e  displacement  ampl i tude  4 and t h e  wavelength 
A, and c a l c u l a t e  t h e  s t r a i n  u s i n g  a t h e o r e t i c a l  v a l u e  of G.  How- 
ever ,  we v e r i f i e d  t h e s e  c a l c u l a t i o n s  by measuring t h e  a c t u a l  
s t r a i n s  gene ra t ed  a t  t h e  node. High tempera ture  s t r a i n  gages 
( s e e  main t e x t ,  a l s o  F igu re  4 )  were used to measure these s t r a i n s .  
T h e  f a t i g u e  specimens were c a l i b r a t e d  s t a t i c a l l y  by u s i n g  
deadweights hanging from t h e  specimen. I n  o rde r  to minimize 
bending, u n i v e r s a l  j o i n t s  were provided f o r e  and a f t  o f  t h e  
f a t i g u e  specimens. Assuming t h a t  the  s t a t i c  c a l i b r a t i o n  holds  
good for t h e  dynamic measurements a l s o ,  t h e  dynamic s t r a i n s  were 
measured a t  va r ious  displacement  ampl i tudes .  A comparison be- 
tween t h e  measured s t r a i n s  and t h e  c a l c u l a t e d  s t r a i n s  i s  shown 
i n  F i g u r e  5.  This  e f f o r t  proved t h a t  t h e  t h e o r e t i c a l  formula i s  
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a c c u r a t e  for our des ign .  The constancy of G i s  r e l a t e d  to t h e  
e l a s t i c i t y  of t h e  m a t e r i a l s  be ing  t e s t e d .  The h igh  tempera ture  
c a l i b r a t i o n s  were extended o n l y  to about  3 k s i  because of t h e  
l i m i t a t i o n s  of t h e  s t r a i n  gages a t  t h e s e  tempera tures .  However 
i t  should be noted t h a t  t h e  h igh  tempera ture  f a t i g u e  t e s t s  were 
conducted a t  s t r e s s  ampli tudes w e l l  below t h e  e l a s t i c  l i m i t  for 
t h e s e  m e t a l s .  Compare t h e  y i e l d  s t resses  of 22.0 k s i  for 316 
s t a i n l e s s  s t e e l  a t  1300°F, and 81.0 k s i  f o r  Ti-6-2-4-2 a t  900°F, 
and the  maximum a p p l i e d  f a t i g u e  s t r e s s e s  i n  t h e s e  experiments,  
which were on ly  1 2 . 6  k s i  and 30 .2  k s i  r e s p e c t i v e l y  It i s  c l e a r  
t h a t  t h e s e  loads  were w e l l  w i t h i n  t h e  l i n e a r  e l a s t i c  p o r t i o n s  of 
t h e  s t r e s s - s t r a i n  curves .  
The s t ress  ampli tude,  CT i s  g iven  by: a '  
CT = E * E  a 
and t h e  t o t a l  s t r a i n  range,  A E  by: 
"a A E  = 2~ = - E 
AmDli'tude Measurement and Determinat ion of Maximum S t r a i n s  
A s  po in t ed  o u t  e a r l i e r ,  the  maximum ampl i tude  a t  t h e  a n t i -  
node where t h e  f a t i g u e  specimen i s  a t t a c h e d  i s  monitored by 
means o f  a c a l i b r a t e d  v o i c e  c o i l  l o c a t e d  a s  shown i n  F igu re  2. 
S ince  t h e  f a t i g u e  specimen forms a h a l f  wavelength, i t s  a d d i t i o n  
does no t  change e i t h e r  t h e  f requency  or t h e  c a l i b r a t i o n .  The 
v o l t a g e  developed by t h e  c o i l  i s  dependent upon t h e  metal  used 
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i n  t h e  t r a n s i t i o n  s e c t i o n  of t h e  t r a n s d u c e r .  At a d isp lacement  
ampl i tude  of 3 x i n . ,  325 mvolts were developed by t h e  c o i l  
with t h e  aluminum t r a n s i t i o n  used f o r  t h e  Ti-6-2-4-2 t e s t s ,  whi le  
ou tpu t s  of over  30 v o l t s  were measured from t h e  s t a i n l e s s  s t e e l  
s e c t i o n  used i n  t h e  316 s t a i n l e s s  s t e e l  experiments .  These c o i l  
ou tpu t  v o l t a g e s  could be measured very a c c u r a t e l y  wi th  an  o s c i l -  
loscope .  The a c t u a l  d i sp lacement  of t h e  rod end could be mea- 
sured  to an accuracy  of  5 . 0 2  x i n c h  w i t h  a f i l a r  microscope. 
The e r r o r  i n  t h i s  measurement of the  maximum peak-to-peak d i s -  
placement ampli tude was l e s s  t han  one p e r c e n t .  The accu racy  of 
the  frequency counter  used for f requency measurement was .01 per -  
cen t  and t h e  e n t i r e  f a t i g u e  t e s t i n g  appa ra tus  remained h i g h l y  
s t a b l e  w i t h i n  5 cps up to a maximum of 20 hours .  The maximum 
s t r a i n  was c a l c u l a t e d  from t h e s e  measurements u s i n g  Equat ions 
[A31 and [A4]. This  method has  proven to be very  convenient  f o r  
monitor ing and c o n t r o l l i n g  t h e  s t r a i n s .  
Cooling of Specimens 
Without o u t s i d e  cool ing ,  t h e  f a t i g u e  specimens can become 
e x c e s s i v e l y  h o t  n e a r  t h e  node due to i n t e r n a l  f r i c t i o n .  To avoid 
t h i s  unwanted h e a t i n g  i n  t h e  room tempera ture  t e s t s ,  a c o n s t a n t  
tempera ture  was maintained by d i r e c t i n g  a flow of t a p  water  upon 
t h e  nodal  a r e a  of  t h e  specimen. S u f f i c i e n t  flow could be a t -  
t a i n e d  to keep t h e  specimen s u r f a c e  a s  cool  a s  t h e  water .  By 
comparing f a t i g u e  behavior  u s i n g  d i s t i l l e d  water a s  a coolan t ,  
i t  has been shown t h a t  t a p  water  has  no i n f l u e n c e  on t h e  f a t i g u e  
l i f e  of t h e  meta ls  t es ted .  
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Although t h e  s u r f a c e  of t h e  specimen was kep t  a t  room temp- 
e r a t u r e , .  i t  was conce ivable  t h a t  l a r g e  thermal  g r a d i e n t s  could 
p rov ide  a much h ighe r  tempera ture  a t  t h e  a x i s .  To check t h i s  we 
timed t h e  h e a t i n g  of a known volume of water ,  to o b t a i n  t h e  r a t e  
of h e a t i n g  dur ing  t h e  t e s t i n g  of a specimen. T h i s  r a t e  was used 
i n  a c a l c u l a t i o n  of t h e  thermal  g r a d i e n t ,  based on h e a t  conduction 
o n l y  i n  t h e  r a d i a l  d i r e c t i o n .  Using room tempera ture  thermal  
c o n d u c t i v i t i e s ,  g r a d i e n t s  of l e s s  t han  90°F were c a l c u l a t e d ,  and 
t h e  i n c l u s i o n  of a x i a l  h e a t  conduction would cons ide rab ly  reduce  
t h i s  e s t i m a t e .  At e leva ted  tempera tures ,  t h e  inc reased  va lues  of 
thermal  c o n d u c t i v i t y  p rov ide  g r a d i e n t s  less  than  50°F from t h e  
r a d i a l  h e a t  conduction c a l c u l a t i o n ,  The a c t u a l  thermal  g r a d i e n t s  
i n  t h e s e  h igh  frequency f a t i g u e  t e s t s  a r e  the re fo i+e  seen to be 
smal l  enough to have ve ry  l i t t l e  e f f e c t  on t h e  m a t e r i a l  p r o p e r t i e s .  
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APPENDIX B 
COMPONENTS OF SPLIT HOPKINSON 
PRESSURE BAR APPARATUS 
Compressed Gas Gun 
The gun used to a c c e l e r a t e  t h e  impact p r o j e c t i l e s  i s  shown 
i n  F igu re  6.  The b a r r e l  i s  72 inches  long  and has  an  0.755 i nch  
bore d iameter .  All components o f  t he  gun a r e  r a t e d  f o r  o p e r a t i o n  
to 3000 p s i .  The p r e s s u r e  cy l inde r ,  made by Walter Kidde Company, 
Model No. 840534, i s  16 inches  long,  w i t h  a 5-l/2 i n .  diameter ,  
and has  a volume of 300 cu i n .  The l a r g e  d i a l  gage used to s e t  
the  p r e s s u r e  i n  t h e  c y l i n d e r  i s  a He l i co id  Gage, Model No. 410. 
This  8-1/2 i n .  d iameter  gage r e g i s t e r s  from 0 to 1000 p s i ,  w i t h  
minor s u b d i v i s i o n s  of  10 p s i .  The v a l v e  used to c o n t r o l  t h e  gas  
i n  t h e  p r e s s u r e  c y l i n d e r ,  and t h e n  to prov ide  a sudden r e l e a s e  to 
a c c e l e r a t e  t h e  p r o j e c t i l e  i s  a n  Atkomatic Solenoid  Valve, Type 
HP SS, Model 8304R. This va lve  i s  a c t i v a t e d  from a 110 V. A C  re -  
l ay ,  which i s  c losed  wi th  a manually ope ra t ed ,  remote ly  l o c a t e d  
push bu t ton .  
P r o j e c t i l e s  and C a l i b r a t i o n  of Gun 
S e v e r a l  impact p r o j e c t i l e s  were used f o r  t h e s e  dynamic t en -  
s i l e  t e s t s .  For t h e  t e s t s  on Ti-6-2-4-2 t h e  p r o j e c t i l e s  were 
c i r c u l a r  c y l i n d e r s  of tool s t e e l ,  10 inches  long by 0.750 i n .  
d iameter .  P r o j e c t i l e s  wi th  20 i n .  l e n g t h  having t h e  same diameter  
were used for t h e  316 s t a i n l e s s  s t e e l  t e s t s .  Because of t h e  con- 
s i d e r a b l y  l a r g e r  e longa t ion  o f  t h e s e  s t a i n l e s s  s t e e l  specimens, 
t h e  longe r  p r o j e c t i l e  l e n g t h  was r e q u i r e d  to prov ide  a s t r e s s  
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p u l s e  of s u f f i c i e n t  d u r a t i o n  to produce f r a c t u r e .  Each p r o j e c t i l e  
was provided wi th  a s l i g h t l y  rounded impact f a c e .  These s p h e r i c a l  
f a c e s ,  w i th  r a d i i  about  8 inches ,  minimize u n d e s i r a b l e  h i g h  f r e -  
quency components ( " r i n g i n g " )  i n  t he  i n p u t  s t ress  p u l s e .  
A t y p i c a l  c a l i b r a t i o n  curve  f o r  a t i t a n i u m  p r o j e c t i l e  i s  
shown i n  F i g u r e  20. Each d a t a  p o i n t  on t h i s  f i g u r e  i s  t h e  average  
of a t  l e a s t  three s h o t s ,  and t h e  s c a t t e r  was l e s s  than  k1.0 f t / s e c  
over  t h e  e n t i r e  r ange .  The c a l c u l a t e d  curve of  v e l o c i t i e s  shown 
i n  F igu re  20 was based on a n  i d e a l  c o n s t a n t  p r e s s u r e  c a l c u l a t i o n :  
where V i s  t h e  p r o j e c t i l e  v e l o c i t y ,  L i s  t h e  p r o j e c t i l e  l e n g t h ,  
p the  p r o j e c t i l e  d e n s i t y  and P t h e  gun p r e s s u r e .  The e f f e c t i v e  
a c c e l e r a t i o n  d i s t a n c e ,  s = 46.4  i n . ,  was eva lua ted  by ave rag ing  
t h e  d a t a  ob ta ined  from 50 t o  500 p s i .  The exper imenta l  p o i n t s  
a r e  seen to a g r e e  q u i t e  wel l  w i th  the  c a l c u l a t e d  v e l o c i t y  curve .  
P r e s s u r e  Bars and S t r a i n  Gages 
The i n p u t  p r e s s u r e  b a r s  f o r  t h e s e  s p l i t  Hopkinson b a r  t e s t s  
were 30-inch long  hollow tubes .  These t u b e s  were machined from 
1/2- in .  1 , D .  Schedule  8 0  seamless  p ipe ,  by reaming out t h e  i n -  
s i d e  d iameter  to 0.570 i n . ,  s o  a s  to accommodate the  O.D.  of t h e  
t e s t  specimen. The o u t s i d e  d i ame te r s  of these tubes  were 0 .840  
i n .  For t h e  room tempera tu re  t e s t s  4130 s t e e l  was used f o r  t h e  
i n p u t  b a r s ,  whi le  Inco loy  825 was t h e  m a t e r i a l  f o r  t h e  h i g h  
t empera tu re  t e s t s .  
HYDRONAUTICS, Incorpora ted  
-29- 
The ou tpu t  b a r s  were s o l i d  c y l i n d r i c a l  ba r s ,  a l s o  30 inches  
long, w i th  0.488 inch  d i ame te r s .  Ti-6A1-4V a l l o y  was used f o r  
t h e  room tempera ture  t e s t i n g ,  and Incone l  X750 was used for t h e  
e l eva ted  temp e ra  t u r  e experiments . 
The s t r a i n  gages used for t h e  room tempera ture  experiments 
were Micro-Measurements f o i l - t y p e s ,  WK-05-125BS-120. T h e i r  gage 
r e s i s t a n c e  i s  120 ohms, nominal gage f a c t o r :  2, gage l e n g t h :  
0.125 i n c h  and g r i d  w i d t h :  0 .053 i n c h .  An epoxy adhes ive ,  
~ ~ 6 1 0 ,  supp l i ed  by W.T. Bean, I n c . ,  was used to mount t h e s e  gages .  
Two gages were p laced  a t  each measuring s t a t i o n  on t h e  p r e s s u r e  
bars ,  l o c a t e d  14  inches  from t h e  ends of t h e  ba r s  which a r e  i n  
con tac t  wi th  t h e  t e s t  specimen. The gage p a i r s  were l o c a t e d  on 
o p p o s i t e  s i d e s  of t h e  ba r s ,  and opera ted  i n  se r ies  to cance l  any 
s t r a i n  r ead ing  a s s o c i a t e d  wi th  f l e x u r e  of  t h e  load  b a r s .  Microdot 
weldable  t y p e  s t r a i n  gages were used for t h e  e l eva ted  tempera ture  
t e n s i l e  impact t e s t s .  Type MG 120 gages were used, having a 
f l a n g e  l e n g t h  of 0 . 3 8  inch  and w i d t h  of 0.10 inch .  
were mounted to t h e  p r e s s u r e  b a r s  by many t i n y  s p o t  welds a p p l i e d  
by a capac i t i ve -d i scha rge  welder .  
These gages 
S t r a i n  and V e l o c i t y  Measuring Equipment 
Two 'Tektronix t y p e  5 6 1 ~  o s c i l l o s c o p e s  were used to d i s p l a y  
t h e  s t r a i n  gage ou tpu t  s i g n a l s .  The v e r t i c a l  a m p l i f i c a t i o n  was 
provided by t y p e  3 ~ 8  and t y p e  2 ~ 6 3  p lug - in  u n i t s .  
t r a c e s  were photographed by t y p e  K - 5  O s c i l l o t r o n  cameras w i t h  
Po la ro id  f i l m  pack backs.  The o s c i l l o s c o p e s  were opera ted  i n  t h e  
s i n g l e  sweep mode, and were t r i g g e r e d  e x t e r n a l l y  when t h e  pro-  
j e c t i l e  s t r u c k  t h e  i n p u t  b a r .  
The t e s t  
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The s t r a i n  gages were connected i n t o  a po ten t iome te r  type 
of dynamic c i r c u i t .  C a l i b r a t i o n  was provided by s e l e c t i o n  of a 
p r e c i s i o n  c a l i b r a t i o n  r e s i s t o r ,  which was a l t e r n a t e d  i n  p a r a l l e l  
w i t h  t he  gages by means of an  e l e c t r o n i c  chopper.  The c a l i b r a t i o n  
s i g n a l s  were superimposed on t h e  same p r i n t  which was to c o n t a i n  
t h e  dynamic s t r a i n  s i g n a l ,  to minimize any photographic  e r r o r s  i n  
t h e  d a t a  r e d u c t i o n ,  
The system used to measure t h e  p r o j e c t i l e  v e l o c i t y  inc luded  
a smal l  l i g h t  source ,  a m i n i a t u r e  photo t r a n s i s t o r ,  an  e l e c t r o n i c  
counter ,  and a lock-out  c i r c u i t  to preven t  r e s t a r t  of t h e  counter  
i n  case  the  p r o j e c t i l e  rebounded back i n t o  t h e  l i g h t  f i e l d .  
During passage  of t h e  p r o j e c t i l e  p a s t  t h e  l i g h t ,  t h e  darkened 
photo t r a n s i s t o r  a l lowed t h e  coun te r  to r e g i s t e r  t h e  t ime of  
passage .  Thus, d i v i d i n g  t h e  p r o j e c t i l e  l e n g t h  by t h e  time of 
passage,  an  average  v e l o c i t y  i s  d e r i v e d .  By r e p e a t i n g  t h i s  mea- 
surement a t  va r ious  ven t ing  h o l e s  i n  t h e  b a r r e l ,  and beyond t h e  
muzzle, a r e g i o n  of cons t an t  v e l o c i t y  can b e  determined and t h e  
impact can be a r r anged  w i t h i n  t h i s  r e g i o n .  The photo t r a n s i s t o r  
was a Motorola t y p e  MRD 300, and t h e  coun te r  a Systron-Donner 
Model 114EEX. 
The h i g h  t empera tu re  environment f o r  t h e s e  impact t e s t s  was 
provided by a f u r n a c e  which was s p e c i a l l y  f a b r i c a t e d  f o r  t h i s  
s t u d y  by E lec t ro -App l i ca t ions ,  I n c .  The h e a t i n g  elements were 
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w i r e - c o i l  type,  a r ranged  around a c i r c u l a r  c a v i t y  2-3/8 inches  
i n  d iameter  and 61 inches  long, which completely conta ined  both  
p r e s s u r e  b a r s .  Temperature c o n t r o l  was provided by a Fenwal 
S e r i e s  524 c o n t r o l l e r .  T h i s  f u r n a c e  i s  r a t e d  f o r  o p e r a t i o n  to 
1500°F. The t o p  i s  hinged to open i n  two s e c t i o n s .  
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APPENDIX C 
ANALYSIS OF TENSILE IMPACT EXPERIMENTS 
Dynamic P r o p e r t y  C a l c u l a t i o n s  Using Unequal P r e s s u r e  Bars 
The equat ions  which a r e  used to c a l c u l a t e  t h e  average  s t ress ,  
s t r a i n ,  and s t r a i n  r a t e  i n  t h e  t e s t  specimen, when t h e  two p r e s -  
s u r e  ba r s  a r e  made of t h e  same m a t e r i a l  and have equal  a r e a s ,  
a r e  g iven  a s  Equations [l], [ 2 ]  and [ 3 ]  i n  t h e  main t e x t .  I f  
t h e r e  a r e  d i f f e r e n c e s  i n  m a t e r i a l  and c r o s s  s e c t i o n a l  a r e a  f o r  
t h e s e  two b a r s ,  t h i s  must be accounted f o r  i n  t h e  d e r i v a t i o n  of 
t h e  equat ions  f o r  stress, s t r a i n  and s t r a i n  r a t e .  I n  t h e  de r iva -  
t i o n  to fo l low t h e  n o t a t i o n  w i l l  be t h e  same a s  t h a t  g iven  a f t e r  
Equation [ 3 ] ,  w i t h  t h e  fo l lowing  a d d i t i o n a l  symbols: 
u1 - displacement  of f a c e  of i n p u t  b a r  a d j a c e n t  to 
specimen, 
u2 - displacement  of  f a c e  of ou tpu t  b a r  a d j a c e n t  to 
specimen, 
A 1 , A 2  - a r e a  of c ros s  s e c t i o n  of i n p u t ,  ou tpu t  ba r ,  
%,E2 - e l a s t i c  modulus of i n p u t ,  ou tpu t  bar ,  and 
e l ,  c2 - e l a s t i c  ba r  v e l o c i t y  i n  i n p u t ,  ou tpu t  b a r .  
It may b e  shown from a one-dimensional a n a l y s i s  o f  e l a s t i c  
wave propagat ion  t h a t  t h e  displacement  and s t r a i n  a r e  r e l a t e d  by: 
0 
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The displacement  u1 i s  caused by E and by E t r a v e l i n g  i n  t h e  
o p p o s i t e  d i r e c t i o n  ( s e e  F igu re  8 ) .  (Absolute  va lues  should be 
used f o r  s t r a i n  components when apply ing  t h e s e  equat ions  ) . 
I R 
t 
0- 
whi le  t h e  displacement  on the  o u t p u t  f a c e  i s  
J 
0 
Combining [C2] and [C3] t h e  average  s t r a i n  i n  t h e  specimen i s  
t h e r e f o r e :  
E2 d t '  [C4] + c R ) d t '  - -u1- u2 - - - E' 
S S S 
L E =  S 
0 0 
D i f f e r e n t i a t i o n  of [C4] provides  t h e  equat ion  f o r  t h e  average  
s t r a i n  r a t e  i n  t h e  specimen 
KYDRONAUTICS, Inco rpora t ed  
The f o r c e s  F1 and F2 on t h e  i n p u t  and ou tpu t  f a c e s  of  t h e  
specimen. a r e  
Therefore ,  t h e  average  s t r e s s  i n  t h e  specimen i s :  
If t h e  s t ress  i s  c o n s t a n t  th rough t h e  t h i c k n e s s  of t h e  s p e c i -  
men, reduced forms of Equat ions [C4],  [C5] and [C6] may be used 
which r e q u i r e  measurement on ly  of E: and cT R 
t c 
0 0 
The l a s t  t h r e e  equa t ions  were used i n  t he  computer program 
which was c r e a t e d  to c a l c u l a t e  t h e  dynamic p r o p e r t i e s  of t h e  
m a t e r i a l s .  
HYDRONAUTICS, I nco rpora t ed  
Determina t ion  of Reduct ion o f  Area and Elongat ion  
The complex geometry of t h e  t e n s i l e  impact specimens r e -  
q u i r e d  c a r e f u l  measurement of  each specimen b e f o r e  and a f t e r  i t s  
t e s t  to determine  t h e  a r e a  and l e n g t h s  s o  t h a t  r e d u c t i o n  of a r e a  
and e l o n g a t i o n  could be  d e r i v e d .  Diameter measurements were made 
befclre t e s t i n g  wi th  micrometers .  S l o t  w id ths  and l e n g t h s  ( s e e  
F i g u r e  9) were measured w i t h  v e r n i e r  c a l i p h e r s .  With t h e s e  mea- 
surements,  t h e  a r e a  b e f o r e  t e s t i n g  was c a l c u l a t e d  u s i n g :  
where 
D - o u t s i d e  d i ame te r  of  specimen, nominal ly  0.55 i n .  
0 
D - i n s i d e  d i ame te r  o f  specimen, nominal ly  0.49 i n .  
i 
V 
W = slot width,  nominal ly  3/16 i n ,  
To de te rmine  t h e  a r e a  a f t e r  f r a c t u r e ,  each l e g  was measured, 
u s i n g  a microscope which was f i t t e d  with a micrometer t r a n s l a t i n g  
s t a g e .  It was found t h a t  by measuring t h e  t h i c k n e s s ,  T, of each 
l e g ,  and the  o u t e r  chord l e n g t h ,  B, t h e  new o u t s i d e  and i n s i d e  
d i ame te r s ,  D 
c a l  cu la  t e d  
and D i l ,  and t h e  new slot w i d t h  W' could be 
0 
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1 D 1  = -  (Do + D.) + T 
0 1 
where i t  has been found t h a t , t o  w i t h i n  r e a d a b l e  t o l e r a n c e s ,  the 
mean diameter  does n o t  change, t h e  edges of each l e g  a r e  s t i l l  
pe rpend icu la r ,  and t h e  t h i c k n e s s  of each l e g  i s  e s s e n t i a l l y  con- 
s t a n t .  The r e s u l t s  o f  [Cll], [C12] and [Cl3] may t h e n  be used 
i n  an  equat ion  analogous to [ClO] except  each i n d i v i d u a l  l e g  
a r e a  i s  c a l c u l a t e d .  
found, and t h e  r e d u c t i o n  of a r e a  i s  g iven  by 
Summing t h e  f o u r  a r e a s ,  a f i n a l  a r e a  As' i s  
A - A '  
A x 100 
S S 
S 
RA = 
The e longa t ion  was ob ta ined  by measuring t h e  specimen l e g  
b e f o r e  and L a f t e r  t h e  f r a c t u r e .  The L mea- 
LS , s '  S 1 eng t h s  , 
surement r e q u i r e d  two people ,  one r e f i t t i n g  the  two f r a c t u r e d  
p a r t s  back t o g e t h e r  and ho ld ing  them, whi le  t he  second person 
measured t h e  l e n g t h .  Using t h e s e  measurements 
L ' - L  
L x 100 
S S 
S 
Elongat ion  = 
J 
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TABLE 3a 
High Frequency Fa t igue  Data for Annealed 316 S t a i n l e s s  
S t e e l  at Room Temperature 
Specimen 
Number 
9 
10 
11 
12 
1 
3 
5 
6 
4 
7 
8 
2 
13 
15 
17 
20 
22 
16 
Time to F a i l u r e  
Hours 
21 
11 
27 
Min 
2 
1 
1 
1 
1 
6 
8 
2 
13 
6 
35 
47 
20 
21 
48 
See 
20 
21 
34 
40 
30 
40 
30 
40 
25 
25 
30 
4 
54 
Cycles t o  F a i l u r e  
N 
2.80 x 105 
2.95 x 105 
6 2.1 x 10 
6 
6 
6 
1.4 x 10 
1.26 x io 
1.4 x 10 
6 1.26 x io 
5.6 x i o 5  
6 5.4 x 10 
6 7.15 X 10 
6 1.68 x io 
1.09 x 107 
2.95 x 107 
1.08 x 109* 
6 5.5 x 10 
1.76 x i o 7  
8 5.81 x io 
1.42 x log* 
* Stopped t e s t ,  specimen d id  not f a i l .  
S t r e s s  
k s i  
39.3 
39.3 
33.8 
33.8 
33.4 
33.4 
33.4 
33.4 
32.3 
32.3 
32.3 
31.2 
31.2 
31.2 
29.1 
29.1 
28.1 
29.1 
T o t a l  
S t r a i n  
Range 
A E  x 
2.73 
2.73 
2.35 
2.35 
2.32 
2.32 
2.32 
2.32 
2.24 
2.24 
2.24 
2.17 
2.17 
2.17 
2.02 
2.02 
2.02 
1.95 
Fr  eq . 
KHz 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.1 
14.0 
14.0 
14.0 
14.1 
14.0 
14.1 
14.1 
14.0 
14.0 
14.1 
14.2 
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TABLE 3b 
High Frequency Fa t igue  Data f o r  Annealed 316 S t a i n l e s s  a t  1300°F 
Sp e cim er 
Number 
Chk 
1 
2 
5 
6 
7 
8 
3 
4 
18 
11 
1 5  
2 1  
1 2  
13 
14  
16 
17 
19 
T i m e  to F a i l u r e  
Hour E 
5 
8 
21 
1 
2 
2 
1 
1 
2 
2 
Min 
7 
35 
14  
9 
22 
3 
19 
1 2  
25 
57 
51 
3ec 
Cycles to F a i l u r e  
N 
2 . 2  x 105 
2 .0  x 105 
4 . 2 4 ~  105 
8 
5 
2 . 5 4 X 1 0  
3.10 xi0 
4 . 6 6  ~ 1 0 5  
6.06 x 105 
8 4 . 3 6  X l O  
1.07 XIO~* 
1 . 2 6  ~ 1 0 7  
6 8 . 2 1 ~  io
1 . 9 4 ~  l o 7  
8 
8 
7 
5 . 3 4  X l o 7  
1 . 2  x 10  
1 . 1 2 X l O  
7.19 X 1 0  
9.91 x 107 
8 
8 
1 . 0 2  X l O  
1 . 4 5  X l O  
S t r e s s ,  
ICs i 
12.4 
12.4 
12.4 
11.9 
11.9 
11.9 
11.6 
11.5 
11.5 
11.5 
11.3 
11.3 
11.3 
11.0 
11.0 
11.0 
10.7 
10.7 
10.7 
T o t a l  
S t r a i n  
Range 
A €  
x 
1.23  
1 .23  
1 .23  
1 . 2 0  
1 .20  
1 . 2 0  
1.17 
1.16 
1.16 
1.16 
1 . 1 4  
1 . 1 4  
1 . 1 4  
1.11 
1.11 
1.11 
1.08 
1.08 
1.08 
Freq.  
KHZ 
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
1 4 . 1  
* Stormed t e s t ,  sDecimen d i d  no t  f a i l .  
HYDRONAUTICS, Incorpora ted  
TABLE 3c  
Sp e cim en 
Number 
1 
3 
18 
13 
17 
20 
9 
10 
11 
Chk 
4 
5 
16 
19 
22 
7 
8 
23 
15 
1 2  
6 
21  
High Frequency F a t i g u e  Data for Annealed 
Titanium 6-2-4-2 a t  Room Temperature 
Time t o  F a i l u r e  
Hour; 
4 
1 
3 
7 
5 
6 
1 
M i n  
3 
24 
12 
11 
8 
17 
15 
18 
21 
27 
6 
4 
20 
37 
1 
2 
See 
52 
16 
10 
58 
26 
25 
25 
11 
31 
22 
35 
25 
55 
30 
50 
8 
Cycles t o  F a i l u r e  
N 
6.75 x io5  
5 1.30 x i o  
6 
2 . 1 1  x 105 
3.09 X 10 
1.03 x 107 
3.25 x 105 
3.25 x lo5  
4.03 x 105 
9 .6  x i o6  
6 8.82 x i o  
6 6.68 x io 
1.98 x i o  
1.36 x 107 
1.47 x 107 
6.32 x 107 
8 
8 
8 
8 
8 
1 .61  x io 
2.36 x i o  
2.95 x 10 
3.31 X 10 
7.56 x 107 
6 1.43 X 10 
1.61 x 105 
S t r e s s  
ks i 
45.8 
45.8 
45.8 
44.3 
44.3 
44.3 
42.5 
42.5 
42.5 
40.5 
40.5 
40.5 
39.3 
39.3 
39.3 
38.1 
38.1 
38.1 
44.3 
42.5 
38.1 
39.3 
T o t a l  
S t r a i n  
Range 
A €  
x 
5.48 
5.48 
5.48 
5.30 
5.30 
5.30 
5.09 
5.09 
5.09 
4.85 
4.85 
4.85 
4.71 
4.71 
4.71 
4.56 
4.56 
4.56 
5.30 
5.09 
4.56 
4.71 
Fr eq . 
KHz 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
13.0 
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Sp e cim er: 
Number 
12 
13 
14 
18 
19 
20 
4 
6 
7 
15 
16 
17 
9 
10 
11 
Chk 2 
23 
24 
21 
22 
8 
TABLE 3d 
High Frequency F a t i g u e  Data for Annealed 
Titanium 6-2-4-2 a t  gOO°F 
Time to F a i l u r e  
Hours 
1 
1 
17 
3 
2 
2 
3 
7 
5 
8 
20 
- 
Min 
- 
1 
2 
2 
3 
10 
6 
33 
23 
26 
55 
5 
59 
4 
49 
50 
25 
13 
1 
34 
15 
20 
- 
3ec 
30 
1 
15 
48 
12 
53 
13 
43 
55 
45 
34 
45 
Cycles to F a i l u r e  
N 
6 
6 
6 
6 
6 
1.21 x 10 
1.61 x io 
1.80 x io 
3.06 x io 
8.16 x io 
6 5.53 x 10 
2.65 x 107 
1.81 x 107 
2.15 x 107 
9.25 x 107 
5.31 x 107 
2.87 x l o 7  
8 8.22 x io 
8 
8 1.36 x io 
8 1.16 x io 
8 1.55 x 10 
8 3.38 x io 
8 2.69 x io 
8 3.98 x io 
8 9.80 x io 
1.84 X 10 
Stress 
ks i 
31.3 
31.3 
31.3 
30.7 
30.7 
30.7 
30.1 
30.1 
29.6 
29.6 
29.6 
29. o 
29. o 
27.9 
27.9 
27.9 
26.9 
26.9 
26.9 
30.1 
29.0 
T o t a l  
S t r a i n  
Range 
A €  
x 
5.21 
5.21 
5.21 
5.12 
5.12 
5.12 
5.02 
5.02 
5.02 
4.93 
4.93 
4.93 
4.84 
4.84 
4.84 
4.66 
4.66 
4.66 
4.48 
4.48 
4.48 
F r  eq . 
KHz 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.0 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
FURNACE 
POWER POWER TEMPERATURE MAGN ETOSTRlCTl ON 
SUPPLY AMPLl Fl  ER READOUT TRANSDUCER 
OSCl LLOSCOPE HALF-WAVELENGTH EXTENSION CYLINDRICAL SIGNAL 
ROD WITH SPECIMEN ATTACHED FURNACE GE NE RATOR 
FIGURE 1 - HIGH FREQUENCY FATIGUE APPARATUS WITH 
HIGH TEMPERATURE MODIFICATION 
H Y D RO N A U TI  CS, I NCO RPORATED 
rn AUDIO OSCILLATOR 
STACK COOLING BATH 
I 
FREQUENCY 
OSCILLOSCOPE COUNTER 
14295 
~ 
TRANSDUCER STACK 
DISPLACEMENT 
NODAL SUPPORT 
CONSTANT TEMPERATURE BATH 
FIGURE 2 - BLOCK DIAGRAM OF THE MAGNETOSTRICTION APPARATUS USED 
FOR HIGH FREQUENCY FATIGUE TESTS 
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MATERIAL A, in. B, in. 
TOLERANCES 
RESONANT 
FREQUENCY 
K Hz 
DECIMAL f 0.003 
UNLESS NOTED 
FRACTIONS f 0.01 0 
FINISH 1wUNLESS "A"-_I) NOTED 
5/16/- 
1- ' 'A ' '  -------1-0.750-1- 
-4 
-t-, 
- c & \& 0.001 ' 
0.125 1/4 - 28 CLASS 2 0.375 
DIA. 
'0.625" RADIUS * 
NOTE * 0.625 RADIUS AREA MUST BE FREE FROM 
TOOL MARKS AND SCRATCHES TO AT 
LEAST 32 RMS 
316 STEEL I 1.835 I 4.420 I 14.2 
RT (ROOM TEMP. ) 
I - 3/32 
THREAD RELIEF SLIGHTLY 
SMALLER THAN THREAD 
ROOT DIAMETER 
316STA1NLESS TEEL I 1.492 I 3.734 1 
HT (HIGH TEMP. ) 
14.2 
TITANIUM RT I 2.102 I 4.954 I 13.0 
6 A R -2Mo-4Z r-2Sn 
TITANIUM HT I 1.735 I 4.220 I 13.0 
( SAME ) 
FIGURE 3 - DUMB-BELL SHAPED HIGH FREQUENCY FATIGUE SPECIMEN 
HYDRO NAUTl CS, INCORPORATED 
-5 
NOTE: REDUCED SECTION HAS 0.625” 
RADIUS WITH 0.125” ROOT DIAMETER 
FIGURE 4 - STRAIN GAGE ORIkNTATION ON FATIGUE 
SPECIMEN; BLH TYPE HT-1212-2A 
180° APART 
0 1 2 3 
CALCULATED STRESS - KSI 
FIGURE 5 - COMPARISON OF DYNAMICALLY MEASURED AND CALCULATED 
STRESSES IN 31 6 STAINLESS STEEL FATIGUE SPECIMENS AT 1300' F 
HYDRO NAUTICS, INCORPORATED 
HYDRO NAUTl CS, INCORPORATED 
SOLENOID PRESSURE 
VALVE CYLl NDER BARREL PROJECTILE 
N I TRO G EN 
REGULATOR 
PRESSURE 
GAGE 
FIGURE 6 - COMPRESSED GAS GUN FOR SPLIT HOPKINSON BAR APPARATUS 
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, 
NOTE z 
fo.005 f 0.01 I 0.500 1 bl5 
l- I 
f 0.01 
1-0.80--1 
SURFACE FINISH 
AS NOTED OTHERS 
125 RPM 
t 
0.500 in. 
STOCK 
DIAMETER) 
* INSIDE AND OUTSIDE DIAMETERS 
TO BE CONCENTRIC TO WITHIN 
&0.001’’ . AXIAL ALIGNMENT 
(RUNOUT) TO WITHIN 0.001”. 
FIGURE 9 - HIGH STRAIN RATE TENSILE SPECIMEN 
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I- 
HYDRO NAUTl CS, INCORPORATED 
0.01 
0.001 
0.00’31 
a 
\\ %.- DYNAMIC 
31 6 STAINLESS STEEL AT ROOM TEMPERATURE 
4-POINT CORRELATION METHOD 
1 1 I 
0.01 
5 
2 
Z 
Z 2 0.001 
m 
A 
Q, 
9 
0.0001 
L AT ROOM TEMPERATURE 
0.0001 
1 o3 1 o4 1 o5 1 o6 1 o7 10 1 o9 1o1O 8 
CYCLES TO FAILURE 
FIGURE15- COMPARISON OF HIGH FREQUENCY FATIGUE DATA WITH MANSON’S 
FATIGUE LIFE PREDICTIONS FOR ANNEALED 316 STAINLESS STEEL AT 
ROOM TEMPERATURE 
HYDRO NAUTl CS, INCORPORATED 
0.01 
0.001 
0.0001 
0.91 
W 
(3 
Z 
Z 
6 
Q, 
e 0.001 
Q, 
0, 
- 
m 
-I 
0.9091 
---- ---- 
0.9001 
1 o3 1 o4 1 1 o6 10’ 1 o8 1 o9 1o1O 
CYCLES TO FAILURE 
FIGURE 16- COMPARISON OF HIGH FREQUENCY FATIGUE DATA WITH MANSON’S 
FATIGUE LIFE PREDICTIONS FOR ANNEALED 316 STAINLESS STEEL AT 13000 F 
HYDRO NAUTl  CS, INCORPORATED 
h 
0.1 
0.91 
3.001 
3.1 
;r; 
2 
z, 0.01 
5 
5 
0, 
Z 
I- m 
-I 
0.901 
0.1 
9.01 
0.001 
DYNAMl C 
- 9 -  
---- 
------ 
**e 86 0 
T i  6-2-4-2 ALLOY AT ROOM TEMPERATURE 
4-POINT CORRELATION METHOD 
T i  6-2-4-2 ALLOY AT ROOM TEMPERATURE 
UNIVERSAL SLOPES METHOD 
I I I 
T i  6-2-4-2 ALLOY AT ROOM TEMPERATURE ---- UNIVERSAL SLOPES DYNAMIC 
4-POINT DYNAMIC I -..-- 
I q3 1 o5 1 o6 1 D~ 
CYCLES TO FAILURE 
1 o8 
FIGURE 17- COMPARISON OF HIGH FREQUENCY FATIGUE DATA WITH MANSON'S 
FATIGUE LIFE PREDICTIONS FOR TITANIUM-6-2-4-2 ALLOY AT 
ROOM TEMPERATURE 
HYDRO NAUTl  CS, INCORPORATED 
4 
g.1 - I I 
TITANIUM 6-2-4-2 AT 900" F 
4-POI NT CORRELATION METHOD 
DYNAMIC --- 
0.01 - 
STATIC 
0.001 
' TI TAN I UM 6-;-4-2 AT 900" F 
W UNIVERSAL SLOPES METHOD (3 
Z 
Z 
Q 
3 
e 0.01 
2 
2 
- 
---_ m 
-1 
0.001 ' 
0.1 8 
TI  TAN I UM 6-2-4-2 AT 900" F --- UNIVERSAL SLOPES DYNAMIC 
10 4 1 o5 1 o6 1 o8 I o9 
CYCLES TO FAILURE 
FIGURE 18- COMPARISON OF HIGH FREQUENCY FATIGUE DATA WITH MANSON'S 
FATIGUE LIFE PREDICTIONS FOR TITANIUM-6-2-4-2 ALLOY AT 900°F 
HYDRO NAUTl CS, INCORPORATED 
(;)* = AREA RATIO 
al R2 - AND - ARE RELATIVE LENGTHS 
h A 
WHERE X = WAVE LENGTH OF THE MATERIAL 
FOR THE TEST FREQUENCY 
CURVE OBTAl NED FROM NEPPIRAS'THEORY 
FOR A N  AREA RATIO = 9 I 
FIGURE 19 - BASIC APPROACH FOR THE DESIGN OF DUMB-BELL 
SHAPED FATIGUE SPECIMENS 
H Y D R 0 N AUT I C S I  I NCO RPO RATED 
3 01: 
25 C 
200 
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FIGURE 20- COMPRESSED GAS GUN RESPONSE WITH TITANIUM PROJECTILE, 
LENGTH : 10.5 IN., DIAMETER: 0.752 IN., WEIGHT : 0.745 LB. 
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